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Abstract.Morphodynamic modelling of coastal seas and es-
tuaries for large-scale and long-term applications is strongly
affected by parameter sensitivity of process-based models.
Moreover, the comparison of data-based methods with nu-
merical model results is limited by uncertainties in measure-
ments. These drawbacks can be partly overcome by a multi-
model approach (MMA). In a case study to assess long-
term sediment transport and morphodynamic processes for
the German Bight, the AufMod research project applies two
different methods for process-based modelling: UnTRIM-
SediMorph and DELFT3D. Model sensitivity is illustrated in
terms of different morphological changes for diverse poros-
ity values. As a first step, discrepancies between individual
methods are shown based on resulting sediment transport
patterns.
1 Introduction
The North Sea acts as a gateway for container ships connect-
ing European harbours to the world. Within this economi-
cal important region, natural and man-made morphological
changes take place which potentially affect safety and ease of
maritime traffic. The prediction of morphologic changes on
temporal and spatial scales is relevant for coastal engineering
applications and although it is still a scientific challenge (e.g.
French and Burningham, 2009). The application and inter-
pretation of (long-term) morphodynamic model results de-
mand for well-founded knowledge about sediment transport
and local morphological conditions in the field as well as pro-
found knowledge of the modelling techniques.
In order to improve our current understanding of
these morphological changes, the multidisciplinary research
project AufMod (German acronym for “Model-based analy-
sis of long-term morphodynamic processes in the German
Bight”) was funded by the Federal Ministry of Education
and Research (BMBF) to investigate long-term sediment
transport and morphodynamic processes. The project focuses
on the German Bight, located in the south-eastern part of
the North Sea. AufMod takes a combined data-based and
process-based modelling approach to investigate long-term
sediment transport. One main scientific objective of AufMod
is to identify processes and effects which are relevant for the
long-term sediment transport and the morphodynamic reac-
tion of the seabed. The first step is to investigate the un-
certainty of the simulation results from different numerical
methods and parameterizations.
In order to simulate sediment transport, a consistent
database for bathymetric and sedimentological data is in-
dispensable. Only when these data are available, hydrody-
namic transport models can be utilized to calculate large-
scale sediment transport; as a consequence of this the mor-
phological changes. In practice there is often not sufficient
field data (e.g. bathymetry, sediment properties) available to
calibrate and validate a morphodynamic (MD) model thor-
oughly enough for a reliable forecast. The calibration is fur-
ther complicated by uncertainties inherent to the numeri-
cal methods (e.g. sediment transport formulations, numerical
diffusion) and physical processes not or not well represented
(e.g. erodibility or stability of sediments at the bed, consoli-
dation).
In this situation, the MD multi-model approach (MMA)
offers a solution to overcome the uncertainties mentioned
above for sediment transport and morphodynamic studies
(Plüß and Heyer, 2008). Similar to the approach in climate
models, covering the range of potential changes in the cli-
mate as a response to an increase in CO2 (e.g. Tebaldi and
Knutti, 2007), the MMA is in particular helpful to determine
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applicability, skill and uncertainty of available modelling
systems in sediment transport studies.
In this study we focus on two aspects of sensitivity and un-
certainty of numerical model results. First, bed level changes
calculated from MD models heavily depend on the sedimen-
tological properties prescribed as boundary conditions for the
bed. Therefore, necessity and reliability of sedimentological
properties need to be assessed. If it is possible to calculate the
distribution and sorting of the seabed sediment, one might be
able to reduce the amount of input data for morphodynamic
model simulations. Moreover, what is the impact of observed
variability in key sedimentological properties such as the ini-
tial sediment grain size distribution or the porosity of sur-
face sediments? The initial sediment distribution is generally
not well known and will vary on scales smaller than those
resolved by the model. Porosity depends on the sorting of
sediments as well as on compaction and thus the sedimen-
tological history, which is not commonly taken into account
in present-day morphodynamic models. The second aspect,
covered in this study, is to compare sediment transport pat-
terns from different modelling systems and thus the param-
eter sensitivity of different empirical sediment transport for-
mulations.
2 Methods
Two different modelling systems are employed here. Firstly,
the unstructured 3-D hydrodynamic model UnTRIM (Ca-
sulli and Zanolli, 2002) coupled with the sediment trans-
port model SediMorph (Malcherek et al., 2005) and the un-
structured version of the wave model K-model (Schneggen-
burger, 1998) was applied. Secondly, the structured model
DELFT3D (Stelling, 1984, 1986) was used in a 2-D mode,
combining hydro-, sediment and morphodynamics (Lesser
et al., 2004) together with the effects of waves (Booij and
Holthuisen, 1996).
The MD simulations cover the time span from 1996 to
2008 and are steered using spatial and temporal varying forc-
ing based on operational forecast model results provided by
national authorities, taking into account the whole variability
of tides, external surge, river run-off, wind and waves. The
large-scale and long-term sediment transport models com-
prise coastal areas, islands, shore lines and connected estuar-
ies. Because of the versatile effects and interactions between
the individual regions (estuary–coastal region–shelf), differ-
ent approaches for grid generation of the individual methods
were necessary. The unstructured UnTRIM model consists
out of 77 500 triangular elements with a resolution varying
from 24 km in the outer North Sea down to 80m in the estuar-
ies (BAW, 2013). The vertical resolution changes from 50m
off the coast down to 1m in intertidal areas. The structured
DELFT3D model was set up in a vertical integrated (2-D),
nested configuration: (a) North Sea model with 455 489
curvilinear grid cells with a variable resolution from 1km
in the outer North Sea down to 1 km near the coast and (b)
German Bight model with 762 1046 curvilinear grid cells
with a variable resolution from 1.8 km in deep water down to
100m in the estuaries.
At the open boundaries of both North Sea models, water
levels predicated on tidal constituents out of the global model
FES 2004 (Lyard et al., 2006) and external surges based on
the operational model of the German Hydrographic Office
(BSH) have been prescribed. UnTRIM solves the hydrody-
namics using a time step of 120 s; DELFT3D uses 150 s.
River run-off is taken to be variable within the inner Ger-
man Bight resulting out of measurements. For the continen-
tal run-off, seasonally averaged mean values were assigned.
The atmospheric forcing (wind speed) is taken from model
results of the operational model of the German National Me-
teorological Service (DWD). The wave model has been sub-
sequently run with pre-calculated water levels and the same
atmospheric forcing as the hydrodynamic model.
For the long-time calculations annual bathymetries are
computed with the utilization of the time varying digital
bathymetry model year by year provided by the AufMod
database (see http://projekt.mdi-de.org/services/verwandte-
projekte/40-aufbau-von-integrierten-modellsystemen.html).
For long-term morphodynamic simulations, it is crucial
to prescribe the sediment distribution and composition
of the seabed precisely. For this, the initial sediment dis-
tribution and composition are taken from the functional
AufMod sediment model, which integrates more than 76 500
measurements of grain size distribution.
Sediment transport in UnTRIM is modelled as transport
of individual sediment classes either transported as suspen-
sion or as bed load following the formulation of van Rijn
(1993). In the DELFT3Dmodel the standard sediment trans-
port formula (van Rijn 1993) is chosen taking into account
both suspended and bed-load transport.
The hydrodynamic numerical (HN) model results have
been validated using more than 90 tide gauge stations around
the North Sea yielding sufficient accuracy of modelled water
levels (BAW, 2013). Also, the simulated waves show good
agreement to measurements. For suspended sediment and
bed load transport, no detailed validation could be carried
out as measurements appear too seldom and are only locally
available. Moreover, the validation of the MD modelling re-
sults has been inhibited due to only sparse measurements in
time and space, with accuracies from the measurements of
the order of the morphological changes within the simulation
period.
As an alternative calibration approach, the local bed shear
stress, based on hindcast simulations, has been shown to cor-
relate with the measured mean bed evolution range signifi-
cantly (BER denotes the difference between the lowest and
highest seabed elevation in the time span considered; Kösters
and Winter, 2014).
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Fig. 1. Initial sediment mixture/distribution in the German Bight from (a) measurements and (b) numerical model calculation (UnTRIM).
3 Results and discussion
3.1 Reliability of sedimentological properties as model
input data
To address the question if sedimentological properties of the
bed can be obtained from a hydraulic sorting of sediments in
order to avoid expensive measurements, a model study has
been conducted. An UnTRIM simulation run is started with
an initially uniform sediment distribution and compared to
the measured distribution. The sediment distribution of the
German Bight (Fig. 1a) was obtained as median grain size
(D50) from the AufMod database. This data set updates and
extends previous work (Figge, 1981) by including more than
7600 sediment samples from the German Bight. The derived
D50 data have been mapped on the numerical model grid.
The state of sediment distribution results from sorting of
Holocene sediments due to hydrodynamic forcing and out-
cropping Pleistocene sediments in regions of Holocene sedi-
ment deficiency (Zeiler et al., 2008). Sediments mainly con-
sist of well-sorted fine sand with regions of medium sand
at the North Frisian coast. In the northern part of the East
Frisian shelf, glacial gravel deposits can be found. Finer sed-
iments are present in the Wadden Sea (e.g. at tidal flats,
in the estuaries, in the mud deposition area close to Hel-
goland and in the drowned river Elbe valley). In tidal chan-
nels or in tidal inlets, coarser sediments are observed. The
model calculates the sorting of bed material for a run time
of 60 days taking into account the effects of tidal, wind- and
wave-driven bed shear stresses. The initial sediment distribu-
tion has been set to a uniform distribution of spatially aver-
aged conditions of the German Bight as obtained from the
AufMod data set represented by four bed load fractions of
the following: very coarse sand (vcSa, grain size 1500mum,
fraction 0.3%), coarse sand (cSa, 750mum, 2.9%), medium
sand (mSa, 375mum, 16.2%), fine sand (fSa, 187.5mum,
36.5%) and five suspended load fractions of very fine sand
(vfSa, 94mum, 25.9%), coarse silt (cSi, 46.5mum, 9.6%),
medium silt (mSi, 23.5mum, 3.7%), fine silt (fSi, 12mum,
3.3%), and very fine silt (vfSi, 6mum, 1.6%). The resulting
sediment distribution from the sorting model experiment is
shown as D50 in Fig. 1b.
Although an exact reproduction of the sedimentology of
the German Bight cannot be expected from the numerical
model, several characteristic features are reproduced. The
comparison of the observed and modelled sediment distribu-
tion shows that typical accumulation areas of finer sediments
behind barrier islands, in estuaries and in extension of the
estuaries are reproduced by the model. Coarser sediments in
tidal channels of estuaries and tidal inlets are mostly captured
but tend to be underestimated in the model results. Deposits
of coarse sand on the shelf can only partly be captured by the
model; notably the extensive area of coarse sediments on the
North Frisian shelf cannot be reproduced. Sediment sorting
in energetic tidal channels mainly reflects present-day tidal
forcing conditions and can qualitatively reproduce character-
istic features after only 60 days of hydrodynamic forcing.
Similarly the redistribution of fines in back-barrier regions
becomes apparent after this short period. However, main fea-
tures of the observed sediment properties are absent such as
coarse sediments at the North Frisian shelf which originate
from glacial periods. Moreover, even though the sediment
distribution is qualitative similar, the grain size distribution
can differ quantitatively by more than an order of magnitude.
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Fig. 2. Differences in bed level changes after 1 yr MD simulation
with DELFT3D (2-D mode) due to a change of the porosity param-
eter from 0.5 to 0.6.
As the sediment transport strongly depends on the sediment
grain size (as can be seen easily from sediment transport for-
mulas, e.g. van Rijn 1993), it has to be concluded that, for
study areas with inhomogeneous sediments such as the Ger-
man Bight, hydrodynamically calculated sediment distribu-
tions are not reliable for large-scale sediment transport ap-
plications. This emphasizes the need for a detailed sedimen-
tological investigation prior to numerical modelling. And it
is not only the sediment grain size distribution which af-
fects model results but also the space variable porosity of the
seabed.
The porosity of surface sediments is not well known and
difficult to measure. Due to this, commonly the assump-
tion of a space and time constant porosity is made. It is
expected that larger porosity yields a stronger morpholog-
ical reaction because sediment movement is easier if less
densely packed, and the same amount of transported sedi-
ment results in a larger volume change. In MD models such
as DELFT3D, morphological changes are calculated from
residual sediment mass transport and then are converted into
volume changes using the user-defined porosity, and a strong
influence is evident. As an example, the difference in bed
evolution after 1 yr of simulation for changing the poros-
ity from 0.5 to 0.6 is assessed as a sensitivity study. The
experiment has been carried out using the DELFT3D mod-
elling system applying five sediment fractions: coarse sand
(cSa, 750mum), medium sand (mSa, 375mum), fine sand
(fSa, 187.5mum), coarse silt (cSi, 46.5 mum) and fine silt
(fSi, 12mum) together with the default DELFT3D settings
for sediment transport. The differences in bed level changes
between the two porosity settings show a spatially structured
response (Fig. 2). In deeper areas off the coast and islands,
more deposition and less erosion occur. In contrast to this,
shallow tidal areas are more erosive, and less deposition can
be found here. The physical mechanism behind this is that
with increased porosity sediments from the tidal flats can be
more easily mobilized by, for example, wave action and then
be transported by tidal currents to deeper areas.
Again, these results illustrate the importance of a precise
description of the sediment properties at the seabed for reli-
able morphodynamic calculations.
3.2 Uncertainties and differences of sediment transport
for different modelling systems
The two aforementioned modelling systems UnTRIM-
SediMorph and DELFT3D have been calibrated indepen-
dently for the year 2006. Both models are compared in order
to investigate the effect of the different numerical methods
and model parameterizations.
To demonstrate the main differences and similarities in
time and space, the spatial distribution of sediment trans-
port is shown for bed load transport (Fig. 3) and suspended
load transport (Fig. 4). In addition a time series at Hel-
goland is presented (Fig. 5). The spatial sediment transport
is shown for a stormy situation on 9 February 2006 during
flood (Figs. 3, 4 left) and ebb (Figs. 3, 4 right) tide.
In both model simulations the spatial distribution of bed
load transport is more pronounced near the coast and the es-
tuary mouths for both flood and ebb tide. In contrast, the sus-
pended load transport is more widespread over the German
Bight. During flood tide the maximum is located near the
coast/estuary mouths; during ebb tide suspended sediment
transport is extended seaward. Overall the areal distributions
between both models show qualitatively a good agreement;
quantitatively the results vary due to differences in model pa-
rameterizations. Note that DELFT3D is set up as a depth-
integrated 2-D model, whereas UnTRIM-SediMorph is run
in 3-D with a vertical resolution between 1m and 50 m.
The temporal distribution of sediment transport is shown
in Fig. 5 as time series of depth-integrated sediment transport
at Helgoland, which is located in the inner German Bight. For
all three time series, the same axis dimension is used for a
better comparison. The time span covers a complete spring–
neap cycle (4–19 February 2006) and a storm situation (9
February 2006). Bed load transport quantities (top panel) are
small compared to the suspended transport (middle panel).
In the DELFT3D (2-D) run, the bed load is more dominant
compared to UnTRIM (3-D). Note that the form of trans-
port mode (suspended load, bed load) of individual sediment
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Fig. 3. Bed load transport for windy flood/ebb velocity tide in the German Bight, calculated by UnTRIM/UnK/SediMorph and DELFT3D(2-
D mode)/SWAN/MOR.
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Fig. 4. Suspended load transport for windy flood/ebb velocity tide in the German Bight, calculated by UnTRIM/UnK/SediMorph and
DELFT3D(2-D mode)/SWAN/MOR.
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Fig. 5. Calculation of bed load, suspended load and total load transport at Helgoland (February 2006) derived fromUnTRIM/UnK/SediMorph
and DELFT3D(2-D mode)/SWAN/MOR.
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fractions is internally determined in DELFT3D based on the
flow situation, whereas it is specified by the user in UnTRIM-
SediMorph. The suspended sediment transport is much larger
(approx. 4 times) than bed load transport. During the storm
period (7–9 February 2006), large suspended-transport rates
are calculated by both UnTRIM and DELFT3D, but with
slight differences in timing. Except for the stormy period,
the UnTRIM and the DELFT3D results for the total sediment
transport, as the sum of suspended and bed load transport, are
approximately in the same range.
Considering the differences in model set-up (2-D/3-D),
differences in the representation of sediment transport (trans-
port formulas, sediment fractions and mode of transport),
numerical factors (numerical diffusion/damping) and cou-
pling hydrodynamics and waves, both models show quite
comparable results. More detailed investigations are neces-
sary to identify the influences of individual model param-
eterizations (grid topology/grid spacing, vertical resolution,
sediment transport formulations) for a better explanation of
differences in model results. However, in terms of a multi-
model approach, the range of diverse model results seems
quite important.
4 Conclusions
A morphodynamic modelling system for the German Bight
has been set up using the DELFT3D and UnTRIM-
SediMorph modelling systems. Initial sensitivity studies il-
lustrate the need for detailed sedimentological input data sets
and improved estimates for specific sedimentological prop-
erties such as porosity, which strongly influence the model
results. The approach to obtain a sedimentology, based on
present-day hydrodynamic forcing, fails most evidently if ge-
ological structures from the past are present. The morpho-
dynamic multi-model approach has been illustrated by sed-
iment transport results for the German Bight. Even though
results differ in detail, the large-scale spatial and temporal
results are comparable. The proposed multi-model approach,
as an extension to parameter variation of individual models,
might be a way forward in order to assess model uncertainty
in morphodynamic modelling following the path set by cli-
mate modellers.
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